A case study is presented to demonstrate the development of a watershed-wide Total Maximum Daily Load (TMDL) to establish nutrient load reductions that translate into real environmental benefits.
INTRODUCTION
The non-tidal Passaic River Basin (Figure 1 ) is defined as the 810 square mile watershed area that drains to the Passaic River and its tributaries upstream of the Dundee Dam on the Clifton/Garfield boundary in northern New Jersey. The Basin includes the Pequannock, Wanaque, Ramapo, Pompton, Whippany, Rockaway, and Passaic Rivers. Upstream portions of the Ramapo and Wanaque River watersheds extend into New York State. There are dozens of municipal and industrial wastewater treatment plant discharges (i.e., point sources) within the watershed. In addition, there are 11 potable water intake locations within the Basin that provide water to reservoirs or directly to water treatment plants.
The New Jersey Department of Environmental Protection (NJDEP) identified most of the major waterways within the Passaic River Basin as being impaired for total phosphorus (TP) including the Passaic, Ramapo, Wanaque, Pompton, Whippany, Dead, Peckman, and Rockaway Rivers. These waterways were identified as impaired because TP concentrations were measured above the 0.1 mg/l instream criterion more than 10 percent of the time. The Clean Water Act (Section 303(d)) requires that TMDLs be completed for all impaired waters. A TMDL specifies the maximum amount of a pollutant that a waterbody can receive while still being in compliance with the applicable water quality standards. This case study demonstrates the development of watershed-specific nutrient criteria and watershed-wide TMDL in order to establish nutrient load reductions that will translate into real environmental benefits.
The nutrient TMDL involved three broad analyses, each of which required extensive monitoring and modeling. First, critical locations and associated water quality targets at those locations were established through an evaluation of the existing and potential water quality impacts from phosphorus, ammonia, and nitrate. These water quality targets formed the basis of watershedspecific phosphorus criteria. Second, a comprehensive watershed model was developed to relate nutrient sources (point and nonpoint sources) to water quality targets at all critical locations. Finally, allocations will be established for point and nonpoint sources such that water quality targets will be achieved. This last analysis involves developing future scenarios and applying the model to back-calculate allowable source contributions. 
UNDERSTANDING NEW JERSEY'S PHOSPHORUS CRITERIA (NJAC 7:9B)
NJDEP designates all freshwaters where instream total phosphorus exceeds the numeric stream criterion of 0.1 mg/l as "impaired." New Jersey's freshwater stream criterion for phosphorus reads: "Total phosphorus shall not exceed 0.1 mg/l unless it can be demonstrated that phosphorus is not a limiting nutrient and will not otherwise render the waters unsuitable for designated uses." In order to generate its list of impaired waters as well as to calculate effluent limits, however, the NJDEP has applied the threshold of 0.1 mg/l to all freshwater streams, essentially assuming that the conditions under which the criterion applies are always satisfied. NJDEP's Technical Manual for Phosphorus Evaluations (NJDEP, 2003) provides a methodology for NJPDES permitees to perform site-specific evaluations of the applicability of the phosphorus stream criterion to their receiving waters.
It is also important to note that the total phosphorus criterion for lakes, ponds, and reservoirs is 0.05 mg/l, 50% of the criterion in streams. This criterion is also applicable to streams at the point they feed such impoundments and at intakes to reservoirs. Furthermore, unlike the phosphorus stream criterion, the phosphorus criterion for lakes does not contain any conditions under which the criterion does not apply.
The Surface Water Quality Standards (SWQS) also contain Nutrient Policies, including the qualitative requirement that: "nutrients shall not be allowed in concentrations that cause objectionable algal densities, nuisance aquatic vegetation, abnormal diurnal fluctuations in dissolved oxygen or pH, changes to the composition of aquatic ecosystems, or otherwise render the waters unsuitable for the designated uses." Both the qualitative Nutrient Policies and quantitative phosphorus criteria are subject to two important qualifications. The first qualifier is that background conditions replace the criteria for all water quality characteristics that do not meet the promulgated water quality criteria as a result of natural causes. The second qualifier in the SWQS is that NJDEP, in order to protect uses, may establish watershed or site-specific water quality criteria for nutrients that replace the generic phosphorus criteria for both lakes and streams. • Sampling at 30 stream monitoring locations was performed once per day over two-day sampling events. Three events were performed under low flow conditions (stream flow frequencies that are exceeded 70% of the time) and three events were performed during high flow events (during or shortly after storm events). The low flow data were collected in July, August, and November; the high flow data were collected in June, August, and November. Six of the 30 stream sampling stations were used as "characterization" sites and were monitored approximately once per week, in addition to the two-day sampling under high and low stream flows described above. These data were used primarily to calibrate and verify the water quality model.
SAMPLING SUMMARY
• 20 of the 30 stream sampling locations were utilized as diurnal dissolved oxygen stations (sampled during three low stream flow events) and biomass (periphyton) monitoring stations (sampled during four low stream flow events). Continuous recording devices were used to monitor dissolved oxygen, pH, and temperature for at least two days during the low flow events. Continuous diurnal data for at least four days was collected at most of the stations. Three periphyton samples were analyzed at each site during each event in order to obtain a representative composite. Diurnal dissolved oxygen and periphyton data were used for both model calibration as well as to identify existing and potential water quality impairments due to nutrients.
• Eight stormwater monitoring locations (sampled during three separate storm events) were in very small sub-watersheds with a single predominant land use. These locations drain the following land uses: wetlands (SW1); undisturbed forest (SW2); Interstate Highway Route 287 (SW3); industrial/commercial (SW4); new low density residential (SW5); corporate campus (SW6); rural residential (SW7); and ultra urban (SW8). At least four samples were collected over each storm to sufficiently define the change in quality over the hydrograph. Flow was measured at the same time each sample was obtained by measuring velocity and cross sectional area of the channel, where practical, or it was estimated. These stormwater data, along with stormwater data from an earlier study in the Whippany River watershed and more recent stormwater studies in nearby Raritan River watersheds, were used to characterize stormwater loads from various land uses predominant in the non-tidal Passaic River Basin.
• Eight baseflow / reference stations were selected to assist us in defining the quality of the groundwater that flows into the stream system, the quality of tributaries uninfluenced by point sources, and to allow us to better understand the conditions that occur in areas far less influenced by development impacts (i.e., point and nonpoint sources). Four of the stations were pristine locations, while the remaining four locations were influenced by representative nonpoint sources. These stations were monitored three times over the study under dry weather conditions when runoff sources would be at a minimum.
• 24 STP stations (sampled during the same three low flow events and three high flow events described above) were selected because they are either major STPs (permitted flow greater than 1.0 mgd) or have entered into a phosphorus settlement agreement with NJDEP. Composite samplers collected effluent from each STP from the morning of the first day to the morning of the second day, thereby providing a sample representative of the discharge quality during the stream sampling event. These data, along with data provided to NJDEP on Discharge Monitoring Reports and data provided voluntarily by many of the treatment plants, were used to characterize the point source loads to the Passaic Basin from STPs.
• Additional field data were obtained specifically for watershed model calibration and verification. Bank-to-bank cross sections were measured across the stream at every sampling location. Samples were obtained for the measurement of Sediment Oxygen Demand (SOD), in duplicate, from six locations during two sample events in 2003. Diurnal solar radiation (i.e., light intensity) measurements were taken during each of the three low stream flow events at the Warren Township Sewerage Authority Stage V STP. Finally, underwater light intensity was measured to determine light extinction rates at many of the instream sampling locations.
Additional sampling was performed in 2004 to provide calibration data to model the Peckman, Dead, and Rockaway Rivers. The sampling in 2003 was planned based on the premise that the Peckman and Dead Rivers would form tributary boundary conditions for the mainstem Passaic River. However, the data indicated that these streams contained critical locations with substantial dissolved oxygen diurnal variations that have the potential to cause violations of dissolved oxygen criteria. In addition, the daily peaks and valleys of dissolved oxygen and temperature observed in the Rockaway River during 2003, while only moderate in scale, were delayed by about four hours. Additional data at more locations was required in order to better understand this unusual diurnal pattern, and especially to rule out the possibility of a much larger diurnal variation upstream that was observed delayed and attenuated. For these reasons, diurnal measurements were taken at additional locations in each stream during low stream flow conditions, as shown in Figure 3 .
IDENTIFICATION OF CRITICAL LOCATIONS AND WATER QUALITY TARGETS
Utilizing the data collected for this study, TRC Omni evaluated whether water column phosphorus is controlling productivity and whether phosphorus is causing, or potentially causing, instream impairment. Nutrient chemistry was used to evaluate nutrient limitation, in accordance with the NJDEP Technical Manual for Phosphorus Evaluations (NJDEP, 2003) . Diurnal dissolved oxygen, phytoplankton concentration, and phytoplankton density were used to evaluate instream impairment.
Regarding nutrient limitation, the stream criterion applies if phosphorus continues to control primary productivity (plant and algae growth) when the numeric threshold of 0.1 mg/l is exceeded. This occurs when rapidly growing algae, limited primarily by availability of phosphorus, convert dissolved inorganic phosphorus into suspended organic phosphorus. Under these circumstances, the productivity of the system will be highly sensitive to changes in phosphorus loads. In order to evaluate nutrient limitation, graphs plotting total and dissolved reactive phosphorus versus the ratio of total inorganic nitrogen to dissolved reactive phosphorus were developed for each instream sampling location (Figure 4 ). On each of the nutrient limitation graphs, a horizontal line is used to indicate the 0.1 mg/l instream total phosphorus concentration (plotted on the primary y-axis) and the 0.05 mg/l dissolved reactive phosphorus threshold (plotted on the secondary y-axis). A vertical line is used where the ratio of total inorganic nitrogen to dissolved reactive phosphorus is 0.05 mg/l. According to NJDEP's Technical Manual (NJDEP, 2003) , phosphorus is very unlikely to be a limiting nutrient if dissolved reactive phosphorus is 0.05 mg/l or greater, or if the nutrient ratio is 5.0 or less. The basis for the dissolved reactive phosphorus threshold is that algal cells only require a small concentration of available phosphorus to maintain their maximum growth rate. If more phosphorus is available than is necessary to sustain maximum metabolic growth rate, then growth is limited by some factor other than phosphorus. The basis for the nutrient ratio threshold is that algal cells require nitrogen and phosphorus in relatively fixed proportions. If there is less available nitrogen than phosphorus relative to the algal stoichiometric requirements, then it is not possible for phosphorus to be limiting growth. The complete technical basis for these thresholds is provided in Amidon and Cosgrove (2004) . In several of the major streams in the non-tidal Passaic River Basin, phosphorus does not limit productivity when the 0.1 mg/l threshold is exceeded: the mainstem Passaic River, Dead River, Whippany River, Rockaway River, and Peckman River. Limited light penetration and other physical factors prevent these streams from making full use of the high loads of phosphorus passing through the system. On the other hand, phosphorus appears to continue to limit productivity in the Pompton River and its tributaries (Ramapo River, Wanaque River, and Pequannock River) even when concentrations of total phosphorus exceed 0.1 mg/l. These streams are often phosphorus-limited and therefore responsive to changes in phosphorus loads.
The intent of the phosphorus stream criterion is to prevent eutrophication and its consequences, not simply identify waters where phosphorus is or is not limiting primary production. Under conditions where phosphorus levels are too high to be limiting productivity, such as the mainstem Passaic River, it is important to evaluate whether the existing level of productivity supported by abundant phosphorus is excessive. For this reason, three indicators are used to determine whether uses are being impaired by excessive productivity: dissolved oxygen (DO), phytoplankton (water column chlorophyll-a), and periphyton (attached chlorophyll-a).
Concentrations of water column and attached algae (as chlorophyll-a) were compared with the thresholds in NJDEP's Technical Manual for Phosphorus Evaluations: 24 µg/l maximum seasonal mean and 32 µg/l maximum two-week mean for phytoplankton chlorophyll-a; 150 mg/m² maximum seasonal mean and 200 mg/m² maximum single value for periphyton (attached) chlorophyll-a. Comparisons of these thresholds with data collected in 2003 and 2004, as well as historical data, show that excessive periphyton density was not an issue in the non-tidal Passaic River Basin when we sampled. Phytoplankton concentrations are also generally quite low throughout the Basin, although the Pompton River is susceptible to algal blooms under critical conditions. The Passaic River mainstem is remarkably low in algal productivity, although algal blooms that occasionally occur in the Pompton River also affect the Passaic River downstream.
Perhaps the most important consideration in determining whether high phosphorus concentrations are leading to excessive productivity is the instream dissolved oxygen concentration and its diurnal variation. Dissolved oxygen provides an extremely sensitive indication of excessive productivity. The SWQS define dissolved oxygen criteria in terms of minimum thresholds that vary according to stream classification. Generally, low dissolved oxygen can be caused by one or both of the following:
1. excessive oxygen-demanding substances exposed to the water column, usually expressed as carbonaceous oxygen demand, nitrogenous oxygen demand, and/or sediment oxygen demand; and/or 2. excessive primary production, leading to oxygen deficits in the pre-dawn hours when respiration and decomposition are not overshadowed by photosynthesis.
Oxygen deficits caused by excessive oxygen-demanding substances are simple to distinguish from oxygen deficits caused by excessive primary production (see Figure 5 ). Oxygen-demanding substances impose a relatively constant demand over the course of a day, with the highest demand (lowest oxygen) during the day due to temperature dependence. On the other hand, primary producers pump oxygen into the water column during periods of photosynthesis (daylight) and then deplete the oxygen at night due to respiration and decomposition, resulting in minimum dissolved oxygen just before dawn. Diurnal dissolved oxygen data collected during critical dry-weather periods in the summer can therefore be used to assess the cause of any oxygen deficit that may occur. NJDEP suggests that phosphorus is causing impairment by stimulating excessive productivity if nighttime dissolved oxygen violations are induced by oxygen swings of at least 3 mg/l.
Data collected in 2003 and 2004
, as well as historical data collected throughout the Basin, were carefully assessed in order to identify critical locations where phosphorus is causing, or has the potential to cause, instream impairment. While most of the Passaic River mainstem is naturally low in dissolved oxygen and not susceptible to large diurnal variations, the Passaic River near Chatham and the Passaic River just upstream of Dundee Dam (the outlet of the entire non-tidal Passaic River Basin) experience substantial diurnal variations under critical conditions. In addition, segments of the Pompton, Peckman, Dead, and Rockaway Rivers experience varying degrees and frequency of substantial diurnal dissolved oxygen variation. In addition, the Pompton River has occasionally experienced substantial algal blooms. Low DO due to high oxygen demand Low DO due to excessive productivity
Based on these assessments of the major streams in the non-tidal Passaic River Basin, water quality targets were established in terms of dissolved oxygen, total phosphorus, and chlorophylla. Dissolved oxygen will be modeled throughout the stream system and compared against applicable dissolved oxygen criteria, but special attention will be focused on the Passaic River near Chatham, the Passaic River above Dundee Dam, the Pompton River, the Peckman River, the Dead River, and the Rockaway River. Applicable criteria for these streams (classified by NJDEP as FW-2) are 4 mg/l minimum and 5 mg/l as a 24-hour average.
Several total phosphorus concentration targets were established to protect aquatic life and drinking water uses (Table 1) . Since phosphorus appears to control productivity in the Pompton River and its major tributaries, the 0.1 mg/l phosphorus stream criterion will be applied to the Pompton River, the Pequannock River, and the Wanaque River. The purpose of the phosphorus concentration target at these locations is to prevent excessive productivity that can impair aquatic life uses. Two additional water quality targets for phosphorus at specific locations were established to protect drinking water uses. Water withdrawn from the Pompton River just upstream of the confluence with the mainstem Passaic River is pumped into the Wanaque Reservoir, an upstream surface water impoundment that is a major source of drinking water for northern New Jersey. A separate TMDL is being calculated for the Wanaque Reservoir that will define an acceptable phosphorus load that can be pumped into the reservoir from the Wanaque South intake in the Pompton River. That load will define a water quality target for total phosphorus at the Wanaque South intake. A second drinking water intake at Little Falls draws water from the Passaic River into a drinking water treatment plant. A water quality target in the form of a maximum total phosphorus concentration is being defined in order to avoid compromising treatment by interfering with coagulation. The maximum concentration will be applied as a water quality target to the Passaic River at the Little Falls intake. In addition to dissolved oxygen and total phosphorus, a water quality target in terms of chlorophyll-a concentration may be established for the Pompton River at the Wanaque South intake. The purpose of a chlorophyll-a target would be to prevent the occurrence of excessive algal density at the intake. The targets would be based on NJDEP's Technical Manual for Phosphorus Evaluations: 24 µg/l maximum seasonal mean and 32 µg/l maximum two-week mean for phytoplankton chlorophyll-a. It is very likely that the 0.1 mg/l water quality target for total phosphorus in the Pompton River will provide the necessary protection against excessive algal concentrations at the Wanaque South intake. However, a separate water quality target for chlorophyll-a has been considered in order to provide added protection of the drinking water use at that location.
Taken together, these water quality targets, expressed in terms of dissolved oxygen, total phosphorus, and chlorophyll-a, form the basis for a watershed-specific nutrient criterion for the non-tidal Passaic River Basin. In other words, the phosphorus loads that would satisfy all these water quality targets at critical locations will define the watershed-specific nutrient criterion.
TMDL APPROACH
The critical locations and water quality targets defined previously provide the end points around which the TMDL is being developed. Other end point not directly related to phosphorus will also be applied, including the instream nitrate criterion of 10 mg/l. A comprehensive watershed model was developed through a novel integration of DAFLOW (flow simulations were developed by USGS) and WASP within a GIS interface. Nonpoint and stormwater sources were modeled by subwatershed and integrated with point sources within WASP. The modeling phase is nearing completion and described in Cerucci, Cosgrove, and Amidon (2005) . The model was developed to simulate conditions over a four-year period from 1999 to 2003 that encompasses a wide range of weather conditions. The water quality model relates phosphorus sources throughout the Basin to the water quality targets, namely dissolved oxygen, total phosphorus, and chlorophyll-a concentrations. The model will be applied to calculate the load and wasteload allocations that will result in satisfying all water quality targets at associated critical locations.
The relative impact of individual point sources (STPs) on various water quality targets will be calculated to facilitate the development of TMDL scenarios. Future scenarios will include reductions of point source loads from STPs, stormwater loads, and nonpoint source loads. Future scenarios and TMDL calculations will be presented.
CONCLUSIONS
The project provides a scientific and engineering basis to determine what types and the magnitude of phosphorus reductions that would actually result in water quality improvements and attainment of uses for streams throughout the non-tidal Passaic River Basin. Extensive monitoring was conducted throughout the Passaic River Basin during 2003 and 2004 in order identify critical locations, characterize nutrient sources, and obtain data to calibrate a comprehensive watershed model. These data, as well as high quality historical data, were evaluated to determine where phosphorus is causing, or has the potential to cause, instream impairment, and water quality targets were defined accordingly.
A watershed model was developed that relates nutrients from various sources to water quality targets at critical locations throughout the watershed. The model was extensively calibrated using data from 1999 to 2004, including both extremely wet and dry weather conditions. The model allows for the testing of a variety of different nutrient reduction scenarios under a variety of conditions during the simulation period. Finally, the model successfully relates individual point sources to individual water quality targets, allowing for the development of a trading scheme.
Wasteload allocations for point sources and load allocations for nonpoint sources will be established to satisfy water quality targets at all critical locations and will form the basis for the watershed-specific criteria and TMDL for the non-tidal Passaic River basin.
